Balbiani rings are giant chromosomal puffs, containing related genes that provide unique possibilities for in vivo analysis of gene expression at the chromatin and ribonucleoprotein levels. Here, the 5' end of the Balbiani ring 2
repeats are virtually identical except for a few variant repeats at both ends of the repeat array. The number of repeats may vary between alleles and the length of the gene therefore changes between 30 and 35 kilobase pairs.
Polytene chromosomes and their puffs in Diptera have been important for the analysis of genes and gene transcription in relation to chromosomal organization. Balbiani rings (BRs), the giant puffs in salivary gland polytene chromosomes of Chironomus, have in particular provided a model system for studies of gene expression. In classical cytological studies BRs were recognized to be active gene loci and to represent the transcriptional activation of genes tissue specifically expressed, the puffing concept (1) (2) (3) . It was shown early on that BRs are loci of intense transcription (4, 5) , and the puffing concept was strongly supported by molecular studies in which the synthesis and transport to polysomes of 37-kilobase-pair (kb) BR gene mRNA transcripts could be established (6) (7) (8) (9) . Subsequently, it was shown that BRs encode large secretory proteins with relative molecular masses of -1 x 106 daltons, which, after export, form protein fibers used to spin a larval tube during the aquatic larval period (10) (11) (12) (13) (14) .
The BRs of Chironomus have continued to represent a unique model system for analysis of gene structure and expression for three reasons. (i) The large size and intense transcription rate of the BR genes enable the analysis of the genes as dynamic chromatin fibers in vivo (15, 16) . (ii) BR gene expression can be analyzed in terms of formation and intranuclear transport of gene-specific mRNA-protein complexes at the ultrastructural (17, 18) and biochemical levels (19) . (iii) BR genes represent a gene family, in Chironomus tentans including four large BR genes (BR1, BR2.1, BR2.2, and BR6), and each gene is built from repeated sequences in a hierarchic fashion. They therefore provide an extreme example of the behavior of coding repetitive sequences (20) (21) (22) .
Information on the sequence organization of the BR genes is essential for extended molecular analysis of the BR genes at the chromatin, messenger ribonucleoprotein (mRNP) and evolutionary levels but has been difficult to obtain due to the large size and repetitive nature of the genes. Only internal repeats (20) (21) (22) and the 3' end of the genes (23) (24) (25) (26) have been elucidated.
Here we describe the isolation of the 5' end and give a full account ofthe sequence organization ofa BR gene, the BR2. 1 gene in C. tentans.t We show that the gene has four introns, three at the 5' end and one at the 3' end, surrounding an extremely long exon, entirely built from repeat units, and discuss implications for the analysis of BR gene expression and evolution.
METHODS
Extraction of RNA and DNA. RNA was extracted from salivary gland cells as described (27) and BR mRNA was purified by agarose gel electrophoresis (28) . DNA was extracted either from cultured C. tentans cells (29) or from salivary glands of individual larvae essentially according to Gross-Bellard et al. (30) .
Construction and Screening of cDNA and Genomic Libraries. A BR mRNA-specific cDNA library was obtained by random priming on purified BR mRNA and screened with a mixture of probes representing all known BR gene repeat sequences (21) and 3' end sequences (26) .
A C. tentans genomic partial Sau3A library was constructed using the AGemll vector (Stratagene). Phages were propagated in the recD-bacterial strain DB 1318 (31) .
DNA and RNA Sequencing. Nested deletions of subclones from genomic fragments were prepared (32) and sequenced with the dideoxy method in combination with modified T7 DNA polymerase (Sequenase, United States Biochemical). The BR2.1 mRNA was directly sequenced according to Geliebter et al. (33) .
Intron 4 in the BR2.1 gene, 55 base pairs (bp) in length, was isolated as part of a PCR fragment that was directly sequenced using specific oligodeoxynucleotide primers and dye-labeled dideoxynucleotides (Applied Biosystems) on a model 373A automated DNA sequencer (Applied Biosystems). Sequences were analyzed using the Wisconsin programs (34) .
cDNA Primer Extension. For cDNA primer extension, specific oligodeoxynucleotides were synthesized (Pharmacia), 32P-labeled with T4 kinase, and hybridized to total RNA. First strand synthesis was performed (Amersham) and the denatured cDNA was run on a 6% polyacrylamide sequencing gel.
In Situ Hybridization. 3H-labeled RNA was obtained by T7 transcription of the L136 insert subcloned in the pBluescript Abbreviations: BR, Balbiani ring; C region, constant region; SR region, subrepeat region; RNP, ribonucleoprotein; mRNP, messenger RNP; snRNP, small nuclear RNP. *To whom reprint requests should be addressed.
tThe sequence reported in this paper has been deposited in the GenBank data base (accession no. M89909).
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vector (Stratagene) and hybridized to squash preparations of salivary gland chromosomes. Hybrids were detected by autoradiography using Ilford liquid emulsion.
Southern Blots and Pulsed-Field Gel Electrophoresis. DNA was digested with restriction enzymes according to the recommendations ofthe manufacturers. Pulsed-field gel electrophoresis was run on a CHEF-DR, TM II apparatus (BioRad) in 1.5% agarose gels, with a pulse time starting at 1 sec and going up to 4 sec during a total running time of 24 hr. DNA was vacuum blotted on to nylon filters (Amersham).
RESULTS
Isolation of the 5' End of the BR2.1 Gene. To isolate the 5' part of the BR2.1 gene, BR mRNA, which is severalfold larger than any other RNA in the salivary gland cells, was isolated electrophoretically (28) . A random-primed cDNA library specific for BR gene transcripts was then constructed. The BR2.1 gene has previously been partially characterized and is known to largely consist of repeated sequences (35) . The library was therefore screened with probes representing the known repeat unit sequence within the gene as well as probes representing the 3' end (26) . Included in the probe mixture were also repeat units representing the BR1, BR2.2, and BR6 genes, which also should be represented in the cDNA library. Clones negative after screening were hybridized in situ to salivary polytene chromosomes. One cDNA clone, designated L136, hybridized specifically to the BR2 locus ( Fig. 1) . It was therefore further analyzed and was found to represent the BR2.1 gene.
The L136 cDNA sequence was determined and shown by cDNA primer extension to be located 150 bp from the 5' end of the gene (position 150-843 in Fig. 3 ). The sequence of the mRNA from the L136 cDNA to the beginning of the mRNA was established by using oligodeoxynucleotide primers and the mRNA itself as sequencing template.
The 5' end of the BR2.1 gene was isolated from a genomic library using the L136 cDNA insert as probe. The genomic fragment in the isolated clone, BR2.1gl, started 10 kb upstream of the transcription start site and extended 3.4 kb into the gene (Fig. 2) . The three EcoRI fragments, C, D, and E, representing transcribed parts of the gene, were subcloned and sequenced.
According to cDNA primer extension analysis (data not shown), the C fragment starts 8 bp downstream of the transcription start site, which thus is located at the end of the preceding EcoRI B fragment. The complete sequence from the transcription start site is given in Fig. 3 .
Analysis of the sequence in fragment E showed that the cloned part of the gene did not extend into a typical repeat unit array known to be present within BR genes. The sequence was therefore extended in the 3' direction into a BR2.1 repeat unit array by isolating and sequencing a 1.5-kb PCR fragment, obtained from total genomic DNA using one primer for the E fragment (positions 780-799 in Fig. 3 ) and one primer specific for the BR2.1 gene repeat unit subrepeat region (SR region) (Fig. 2) . The sequence of the PCR fragment is included in Fig. 3 . Notably, the repeat unit array starts with five repeat units of a type characteristic for the BR2.2 gene and then switches to the BR2.1 type of repeat unit. This sequence organization was consistent with PCR products using other primer pairs. It was also verified by cleaving out a predicted 3.15-kb Rsa I restriction enzyme fragment from genomic DNA, extending from the middle of exon 3 to the first BR2.1 repeat unit (see Fig. 4 ). We therefore concluded that the cloned 5' end represents the BR2.1 gene.
Exon-Intron Organization of the BR2.1 Gene. The BR2.1 gene contains five exons and four introns. Three of the introns are located at the 5' end and the fourth intron is located at the 3' end. The introns surround a huge exon four, containing all repeat units (Fig. 2) . The three introns, present in the 5' part of the gene, were revealed by a comparison between the genomic and the combined L136 cDNA and mRNA sequences. The three introns are highly (A+T)-richintron 1 is 1009 bp with 79%o AT pairs, intron 2 is 107 bp with 78% AT pairs, and intron 3 is 1380 bp with 79% AT pairs. All three have conserved 5' and 3' intron splice site sequences.
The first three exons are devoid of the repeat units characteristic of the BR2.1 gene but all contain several short repeat patterns. Some of these are similar to repeats found in the repeat units of other BR genes. The sequence PERPER-PERPEK (positions 297-332 in Fig. 3) is, for example, identical to the SR region subrepeat in the BR6 gene (36) . Some ofthe repeats are at several positions more pronounced at the amino acid level than at the nucleotide level. Exon 1 consists of an 89-bp nontranslated region, a predicted 57-bp typical signal peptide coding region, followed by a region with irregularly spaced out short tandem repeat motives. Exon 2 is extremely short, only 6 bp. Exon 3 consists almost entirely of repeats of a 6-bp sequence. In exon 4, typical BR gene repeat units appear gradually. A BR gene repeat unit consists of two regions, a C region with conserved codons for four cysteine residues and a single methionine residue and a SR region built from 9-to 33-bp tandem repeats. In the first repeat unit in exon 4, the SR region is unusually long, 367 bp. (35, 37 ) that ends at the 3' end of the gene (26 Fig. 5 , it can be seen that digestion with Sca I, which cuts enzymes cutting the BR2.1 repeat unit once probed with a only close to the 5' and 3' ends of the gene (see Fig. 2 ), probe specific for intron 3 (data not shown).
resulted in distinct length variants, with lengths ranging (Fig. 3) fragments are cloned in cosmid and plasmid vectors. We have circumvented these problems by using highly purified BR mRNA, random cDNA synthesis, and a negative screening procedure to move directly into the 5' end of a BR gene. The sequence organization of the analyzed BR2.1 gene is likely, in general, to represent all large BR genes.
From the DNA sequence we estimate BR2.1 gene alleles to encode a nonmodified protein with a molecular mass ranging between 0.99 and 1.17 x 106 daltons. The BR gene-encoded secretory proteins have previously been electrophoretically estimated to have relative molecular masses in the order of 0.8-1 x 106 daltons (10) (11) (12) (13) (14) , and length variants consistent with the presence of gene alleles have been observed (38) .
The main body of the protein, making up 90%, has an overall extended structure most likely made up of regularly spaced identical helices (39) . At its amino-terminal end the 200 first residues form a hydrophilic region with patches of positive or negative regions. In particular, a >35-residue-long stretch is highly negatively charged and two shorter regions are highly positively charged, having six lysine residues out of a total of eight or nine residues. According to secondary structure predictions, a-helices could be formed at the beginning and end and it is likely that, overall, the aminoterminal region adopts a structure in which the charged regions represent highly charged surface areas.
At its carboxyl terminus the protein also has a globular domain (23) . The amino and carboxyl domains flanking the large central domain could serve to guide proper interactions between different proteins upon formation of larger protein fibers or interact to form fibrous networks principally analogous to the situation in collagen type I and type IV, respectively. For the carboxyl-terminal domain, an alternative role in transcriptional control has also been suggested (14) .
Our finding of introns at the 5' end of the BR2.1 gene has implications for the study of in vivo assembly of spliceosomes. Considerable information on the participating components and in vitro assembly of spliceosomes has been gathered (40) but knowledge about the in vivo situation is largely lacking. Small nuclear RNP (snRNP) antibodies decorate BRs uniformly (41) . Only nascent RNA is present in the BRs (42); spliceosomes should therefore be assembled on the growing transcript and, since no snRNP was found linked to released mRNP (43) , perhaps also disassembled on the growing transcript. Ultrastructurally, the growing BR mRNA is immediately packaged with proteins and the packaging process can be directly visualized along the gene (15, 16) . Our demonstration of the presence and position of introns makes it possible to more precisely observe the assembly and possible disassembly of spliceosomes on the growing transcript.
In addition, the BR mRNP offers unique possibilities to unravel the way mRNA is packaged with pre-mRNA binding proteins into mRNP complexes. The sequence information presented here is necessary for analytical experiments to elucidate specific RNA-protein interactions. It has, for example, been recognized that defined regions in the BR mRNA are crucial for RNP stability (19) . Such regions can now be studied.
The BR2.1 gene contains one of the longest (26-31 kb) and one of the shortest (6 bp) exons known (44) . We assume that loss and gain of repeats in exon 4, presumably caused by unequal crossover (45) , is responsible for the recorded variation in gene length. Similar size variations have been observed in other repeat arrays (46) (47) (48) . The very high degree of homogeneity in the repeat array ( the repeat array has taken place inside an existing repeat array. Notably, the 5' variant repeat units are characteristic of the BR2.2 gene, which is located in the same BR locus as the BR2.1 gene. This suggests that, after duplication of a BR2.1/BR2.2 ancestor gene, the BR2.1 repeat units appeared and efficiently spread in one of the gene copies within an existing repeat array replacing all but the few first repeats. Similar expansions of repeats are observed inside the involucrin gene in primates (49) . Extensive remodeling ofthe repeat array in the BR1 gene has also been observed (50) . The presence of variant repeat units at both ends of the array argues that unequal aligning of arrays in homologous genes and subsequent recombination and/or DNA replication are involved in the remodeling of the repeat array (26, 45) .
